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-Cerebral venous drainage is generally believed to be regulated primarily by hydrodynamic forces. To gain further insight into the regulation of this process, we investigated the response of blood flow velocity and cross-sectional area (CSA) of the internal jugular veins (IJVs) to local hemodynamic shifts. All procedures and assessments were performed on patients (n ϭ 30) undergoing embolization of brain arteriovenous malformations (AVMs). The procedure efficiency was verified by the postembolization reduction in time-averaged maximum blood flow velocities, as well as the elevation of pulsatility index and resistance index in the arterial feeders. In cerebral veins, the dominant IJV pressure remained unchanged during the procedure. At the same time, AVM embolization caused a significant reduction in maximal CSA (84 Ϯ 7.6 to 68 Ϯ 7.7 mm 2 , P Ͻ 0.05) and minimal CSA (68 Ϯ 7.0 to 51 Ϯ 7.0 mm 2 , P Ͻ 0.01) of the IJV located ipsilateral to the AVM, while the maximal linear blood flow velocity in the IJV remained unchanged (71 Ϯ 4.9 and 85 Ϯ 8.4 cm/s, P ϭ 0.098). Consistent with previously published studies, the data obtained provide further evidence of active regulation of the venous outflow, probably mediated by certain neurogenic and/or endothelium-dependent mechanisms.
brain; internal jugular veins; cross-sectional area; venous tone; arteriovenous malformations REGULATION OF ARTERIAL BLOOD supply to the brain is generally believed to include 1) cerebral blood flow (CBF) autoregulation; 2) endothelium-dependent cerebrovascular response to shear stress alterations and/or release of vasoactive substances; 3) glial control; and 4) neuronal control. The mechanisms underlying these events have been extensively documented and analyzed in several fundamental reviews (3, 5, 12, 15) . However, the distinct aspect of cerebral vascular physiology, that is, regulation of venous tone, remains poorly understood. The apparent problem is the exclusively high interindividual anatomical variability in the cerebral venous tree [e.g., Doepp et al. (8) ], compared with the arteries. In addition, cerebral venous blood flow (CVBF) is characterized by its prominent dependence on various interrelated, yet significant, factors, such as the respiratory cycle phase, hemodynamic variables, body position, and certain medical interventions, including anesthesia. Because the relative contribution of each of these factors cannot be predicted with sufficient certainty, reproducibility of results would be difficult. Therefore, one of the main problems is determining whether intracranial and extracranial cerebral veins are solely responsible for passive blood outflow from the brain, or if the CVBF is regulated by stimulus-evoked modulation of the cross-sectional area (CSA) of the veins, thereby achieving active control of cerebral blood volume. Most of the available evidence suggests that cerebral venous outflow can be determined by hydrodynamic forces alone (7) . In particular, according to the widely accepted Starling resistor model or vascular waterfall phenomenon, cerebral venous drainage depends exclusively on the difference between arterial blood pressure and intracranial pressure (18) . This model described venous blood flow from collapsible bridging veins subjected to varying levels of intracranial pressure to unyielding sinuses (22) . Until recently, the indirect evidence for active cerebral venous regulation mostly stemmed from histochemical studies showing the presence of aminergic nerve endings in the venous wall (9, 14, 23) , as well as from in vitro studies demonstrating venous wall responses to certain agonists (13, 17) . In addition, a recent study on healthy volunteers has also demonstrated an active response of intracranial cerebral veins during the overshoot phase of the Valsalva maneuver (30) . To further elucidate which of the mechanisms is operative, either active control through venous wall reactivity or passive blood outflow with involvement of hydrodynamic factors alone, the present study has been undertaken. In this study, we evaluated CVBF response to the local hemodynamic shifts in a cohort of patients (n ϭ 30) who underwent embolization of brain arteriovenous malformations (AVMs). The findings thus obtained provide further evidence for the active rather than passive CVBF regulation.
MATERIALS AND METHODS
Thirty patients [14 women and 16 men; mean age, 32 Ϯ 10 (SD) yr] with cerebral AVMs were enrolled in the study. The presence of AVMs was verified using biplane digital subtraction angiography. The AVMs were assessed for size in three planes, and the lesion sides and lobe(s) were recorded. The arterial supply, the Spetzler-Martin grade, and venous drainage were documented. Informed consent was obtained from all patients. The study was approved by the ethics committee of the A. L. Polenov Research Institute of Neurosurgery, St. Petersburg, Russian Federation.
The patients underwent embolization of AVMs, and CVBF response to local hemodynamic shifts was evaluated. During the procedure, the changes in blood flow velocity and the CSA of the internal jugular veins (IJVs), evoked by the AVM embolization-induced reduction in CBF, were registered. The unpredictable changes in the above-mentioned variables that may have interfered with the interpretation of the results were practically excluded because of the design of the present investigation.
The patients were anesthetized by intravenous infusion of fentanyl and propofol. Percutaneous transluminal embolization was performed using a microcatheter (Magic 1.5, BALT Extrusion, Montmorency, France) positioned via a guiding catheter in the feeding arteries of the AVM. All AVMs were embolized using a mixture of histoacryl (B. Braun, Tuttlingen, Germany) and lipiodol (Guerbet Laboratories, Aulnays sous Bois, France), according to the guidelines valid at the time of study initiation. The intervention was performed during spontaneous breathing; in our long-term practice, this method has proved to be both efficient and safe.
Time-averaged maximum blood flow velocities (TAMXs) in the arterial feeders, the middle cerebral arteries (MCAs) located ipsilateral and contralateral to the AVMs, as well as in IJVs, were measured using ultrasonic triplex scanning (Sonoline Versa-Plus, Siemens, Erlangen, Germany). Both maximal and minimal time-averaged blood flow velocities were registered in the IJVs using linear probe (7.5 MHz). All measurements were obtained in the supine position at two time points, that is, immediately before surgery and 2-3 min after AVM embolization. The feeders and MCAs were insonated according to routine protocols. Gosling's pulsatility index (PI) was defined as the difference between peak-systolic and end-diastolic blood flow velocities divided by the mean blood flow velocity (11). Pourcelot's resistance index (RI) was defined as the difference between peaksystolic and end-diastolic blood flow velocities divided by the peak systolic velocity (25) . Both PI and RI were estimated automatically by a program preloaded into the ultrasound unit. Throughout the procedure, mean arterial pressure was measured in the radial artery (JP-900P, Nihon Kohden, Tokyo, Japan).
The IJVs were assessed in the standard location (1.5-2.0 cm above the intersection with the m. omohyoideus), with special care taken to avoid vein compression. The maximal and minimal CSAs of the IJVs located ipsilateral and contralateral to the AVM were measured using B-mode imaging in the horizontal plane. The inner circumference of the IJV was delineated using an electronic marker, and the CSA was calculated using a program preloaded into the ultrasound unit. The examiner was blinded to this procedure.
The pressure was measured using a pressure measurement unit (Dinamap Plus, Criticon, Tampa, FL) in the IJV with the highest TAMX value (the so-called dominant IJV). The dominant IJV was cannulated using a microcatheter (6FT 100 CAS, BALT Extrusion, Montmorency, France) to obtain continuous pressure measurement. After puncture of the femoral vein, the microcatheter was advanced into the inferior vena cava; it was further advanced through the right atrium into the superior vena cava, then the subclavian vein, and finally into the IJV. The catheter tip was advanced subcranially up to the bulbous, followed by venography for determination of catheter position within the IJV lumen.
Hemodynamic data and CSA of the IJV were expressed as means Ϯ SE. Statistical analysis was performed using the SPSS 13.0 software package (SPSS Software, Chicago, IL). For comparison of physiological variables before and after AVM embolization, a two-tailed paired t-test was used. P values Յ0.05 were considered significant.
RESULTS
Arteriovenous malformations. The distinct angioarchitectural characteristics of the brain AVMs are presented in Table 1 . Most patients had AVMs measuring Ն3 cm, with a higher prevalence of Spetzler-Martin grades II and III (9 and 13 cases, respectively), and no patient showed grade V. Arterial AVM feeders originated mainly from the MCA vascular territory alone or the territory supplied by both the MCA and anterior cerebral artery. Except for a single case, AVMs were localized supratentorially. The AVMs were distributed almost equally between both hemispheres. Considering most of the morphological parameters of the AVMs, the cohort of patients included in the present study did not differ appreciably from the general statistical values provided by others (27) .
Arterial blood flow. Mean arterial pressure values were similar before and after AVM embolization (89 Ϯ 14.2 vs. 88 Ϯ 8.8 mmHg). The arterial blood flow values in the AVM feeders ( Fig. 1) clearly indicated that AVM embolization had resulted in CBF reduction. In particular, the significant TAMX reduction compared with the preoperative value was evident (112 Ϯ 11.6 and 145 Ϯ 9.3 cm/s, respectively, P Ͻ 0.01). The procedure led to a significant increase in Gosling's PI (0.66 Ϯ Values are no. of subjects (n) with each arteriovenous malformation (AVM) characteristic (percentage in parentheses); n ϭ 30 subjects total. SSS, superior sagittal sinus; CS, cavernous sinus; SRS, straight sinus; TS, transverse sinus; SS, sigmoid sinus; MCA, middle cerebral artery; ACA, anterior cerebral artery; PCA, posterior cerebral artery; PICA, posterior inferior cerebral artery. 0.036 after vs. 0.55 Ϯ 0.018 before surgery, P Ͻ 0.01), whereas a slight increase in RI was considered a trend (0.47 Ϯ 0.019 after vs. 0.43 Ϯ 0.009 before surgery, P ϭ 0.052). The embolization-induced changes in arterial blood flow in the MCAs located ipsilateral and contralateral to the AVM were generally similar to those just described (Fig. 2) .
Venous blood flow. AVM embolization resulted in significant reduction in both maximal (from 84 Ϯ 7.6 to 68 Ϯ 7.7 mm 2 , P Ͻ 0.05) and minimal (from 68 Ϯ 7.0 to 51 Ϯ 7.0 mm 2 , P Ͻ 0.01) CSA values of the ipsilateral to the AVM IJV (Fig. 3A) , with a similar but insignificant trend in the contralateral IJVs (Fig. 3B) . The maximal time-averaged blood flow velocity in the IJV located ipsilateral to the AVM did not change after AVM embolization (from 71 Ϯ 4.9 to 85 Ϯ 8.4 cm/s, P ϭ 0.098, Fig. 4A) . A representative Doppler spectrum of the IJV ipsilateral to the AVM before and after embolization is shown in Fig. 4 , D and E. The minimal time-averaged blood flow velocity in the ipsilateral IJV, along with both maximal and minimal time-averaged blood flow velocities in the contralateral vein, were unchanged after the embolization procedure (Fig. 4, A and B) . The pressure in the dominant IJV remained unchanged at all stages of the procedure (Fig. 4C) , that is, during consciousness (6.6 Ϯ 0.58 mmHg), during anesthesia (6.6 Ϯ 0.57 mmHg), as well as after AVM embolization (6.7 Ϯ 0.64 mmHg).
DISCUSSION
In the present study, the main angioarchitectural characteristics of the brain AVMs were generally identical to those described by others (27, 32) . Although AVM embolization is a commonly approved practice, it also offers a unique opportunity to analyze the poorly understood mechanisms that govern regulation of cerebral venous tone. The additional advantage of such an approach is its safety, enabling serial probing of the required parameters without prolongation of the surgery beyond the routine schedule. Furthermore, because our patients were not receiving mechanical ventilation, the role of this factor as potentially complicating interpretation of the key CVBF parameters (16) was excluded.
Arterial and venous blood flow. AVM embolization causes either partial or complete occlusion of the nidal vessels, thereby eliminating the pathological effect of AVMs (21) . Further evidence of this was found in the present study, judging from the significant embolization-induced reduction of blood flow velocity in the arterial feeders and in the ipsilateral and contralateral MCAs. The pronounced IJV constriction after AVM embolization has not been reported before. If the mechanism of passive venous drainage alone took place, then such a constriction would not develop; instead, decreased TAMX with an unchanged CSA would be apparent. One of the more reasonable explanations for the decrease in CSA is the involvement of the contractile force generated by the vascular smooth muscle cells within the venous wall. Given the rapid constriction after blood flow reduction, the underlying mechanism of this phenomenon may involve neurogenic regulation of the venous tone. This is consistent with early results demonstrating the presence of histochemically labeled intramural aminergic nerve endings in the IJV and other cerebral veins (9, 14, 23) . The role of adrenergic innervation in venous tone regulation has been established in several physiological studies. In particular, electrical stimulation of the cervical sympathetic trunk in a cat resulted in greater constriction of the pial veins compared with that of the pial arteries of corresponding size (6) . In addition, isolated human pial veins were found to be more sensitive to ␣-adrenoreceptor agonist than the pial arteries (13) . Therefore, it appears that adrenergic innervation, with involvement of different ␣ 1 -adrenoreceptor subtypes, is a predominant factor for venous tone regulation throughout the venous system, including its cephalic domain, both in humans and other mammals (1, 26, 35) . It should be noted, however, that some venous territories, such as the human facial vein (19) and the human saphenous vein (10), also contain ␤-adrenoreceptors that mediate venodilation. Both adrenergic and serotonergic regulation may be implicated, because recent immunohistochemical and ultrastructural data have confirmed the presence of serotonergic nerve terminals in the cerebral vein of Galen in rats (33) . Furthermore, physiological studies have shown that serotonin-induced constriction of the rat jugular vein is mediated through 5-HT 2A , and to a lesser extent, 5-HT 2B receptors (17) . Along with the neurogenic pathway, the endotheliumdependent pathway may be also implicated in the constriction of cerebral veins in response to blood flow reduction. Although veins exhibit blunted endothelium-dependent responses (2), reduced shear stress immediately after AVM embolization may be associated with decreased production of endothelium-derived vasodilators and, consequently, with increased vascular smooth muscle tone. The afferent pathway of CVBF regulation is much less studied. However, because the meningeal afferents have properties of mechanoreceptors and chemoreceptors (31), the AVM embolization-induced alteration of the sensory input from these receptors would probably trigger IJV constriction.
The results obtained might be ascribed to the pathology itself, although the following arguments seem to oppose, rather than support, this idea. First, all measurements were obtained far from the area undergoing remodeling caused by hemodynamic overload because of the malformation (20) . Second, active venous tone regulation is consistent with the data on blood flow velocities in the straight sinus and MCA of healthy volunteers during different phases of the Valsalva maneuver (30) . In the straight sinus, this parameter was found to be twice as high as that in the MCA during phase IV (overshoot phase), which is generally associated with transient blood pressure elevation caused by sympathetic nervous system activation. Third, a recent morphological investigation performed on human autoptic material revealed the myoendothelial sphincter at the junction between the cortical bridging veins and the superior sagittal sinus, giving rise to the hypothesis that cerebral venous outflow is actively regulated at this particular site (34) . Our data seem to confirm this hypothesis by extending it to the large extracranial veins, in an in vivo setting. Our data and the evidence presented above suggest that the passive route, although essentially operating for venous drainage, is not efficient enough without active regulation of the cerebral venous tone.
According to the results of the present study, pressure in the dominant IJV remained unchanged during the procedure. Theoretically, a transient pressure decrease after AVM embolization must occur in the small cerebral veins that directly drain the AVM, with subsequent partial dampening of the pressure gradient in the sinuses that have rigid walls. In particular, IJV pressure values in our patients (6.6 Ϯ 0.58 mmHg at baseline) were close to the upper limit of the normal range, that is, 3-8 mmHg (4). It seems that IJV pressure should be kept within the physiological range for maintaining normal cerebral hemodynamics, even in pathological states, including AVMs. Moreover, significant AVM embolization-induced flow reduction was compensated by active IJV constriction that aimed to maintain the preembolization pressure value in the IJV.
Clinical implications.
Cerebral circulation disorders of venous origin may be the source of serious and even fatal neurological pathologies (24, 28, 36) . Therefore, further investigation of the mechanisms responsible for the regulation of cerebral venous tone might contribute to the development of new strategies for the treatment of relevant abnormalities, including chronic cerebrospinal venous insufficiency, certain forms of hydrocephalus, and cerebral edema in patients with trauma and stroke.
Study limitations. The present study has several limitations. First, although the phenomenon of active venoconstriction was established in the study, the mechanism underlying this phenomenon needs further clarification, at least beginning with computer simulation followed by, if possible, animal modeling. Second, intravascular US probe-assisted recordings of blood flow velocity in the cerebral veins during AVM embolization would in future be preferable as enabling not only discrete but also dynamic registration of the parameter. Third, the assessment of CVBF should, despite many technical problems (29) , be extended to other veins, including smaller intracerebral ones. Lastly, the blood flow parameters should be registered soon after AVM embolization (2-3 min) and also later after the procedure to provide additional information about the process.
Conclusions. A novel approach was used for investigating the mechanism underlying the regulation of cerebral venous tone. By registering the hemodynamic reaction of the extracranial veins in individuals who underwent percutaneous transluminal embolization for brain AVMs, active venoconstriction was invariably documented. Consistent with previously published studies, the data obtained provide further evidence of active, rather than passive, regulation of the venous outflow probably mediated by certain neurogenic factors.
